Pediatric high-grade gliomas (World Health Organization grades III and IV astrocytomas) remain tumors with a very poor prognosis for which novel therapeutic strategies are needed. Poly(ADP-ribose) polymerase (PARP) is known to have multiple functions in tumors, including singlestrand DNA repair and induction of caspase-independent apoptosis. PARP has been suggested as a therapeutic target in adult malignancies, and this study examines whether it could also be a potential target in pediatric high-grade glioma. Tissue microarrays containing 150 formalin-fixed pediatric high-grade gliomas were examined by immunohistochemistry for levels of PARP and expression of apoptosis inducing factor (AIF). Full retrospective clinical and survival data were available for this cohort. Stratification and statistical analysis was performed to assess the effect of PARP status on prognosis. The level of PARP immunopositivity had a statistically significant inverse correlation (P 5 .019) with survival in supratentorial pediatric high-grade glioma. AIF staining was notable for its absence in the majority of tumors but with moderate levels of expression in surrounding normal brain. PARP is expressed at high levels in many pediatric highgrade gliomas, and in these tumors, the ability of PARP to activate AIF appears to have been lost. PARP may therefore represent a promising therapeutic target for these lesions and warrants evaluation in clinical trials.
T umors of the CNS are the most common group of solid tumors in childhood and are now the leading cause of cancer-related death in children. 2 Their prognosis remains extremely poor, with median survival remaining around 14 months, despite maximal resection, radiotherapy, and various chemotherapy regimes. 3, 4 Glioblastoma multiforme (GBM; WHO grade IV) is the most common primary intracranial tumor in adults and the subject of considerable research efforts. Pediatric HGG, in contrast, has received comparatively little attention. However, recent comparative high-resolution genetic studies have detailed the genetic differences between adult and pediatric tumors of the same histological type. 5 -8 It is clear that different genetic pathways have differing degrees of importance in this tumor in different age groups. For example, IDH-1 mutation is common in adult secondary GBM but absent from pediatric GBM; 6 1q gain is much more common in pediatric compared with adult GBM (30% and 9%, respectively), 6 whereas loss of 10q is much less common in pediatric GBM (35% versus 80% in adult GBM). 6 It follows that the response to particular therapies may vary according to the abnormalities present in any given tumor. Extrapolating clinical therapy in children from studies of adult GBM may lead to targeting of pathways that are not relevant in the pediatric age group, therefore clinical trials of novel agents in children should be based on the molecular biology of their specific tumors.
Poly(ADP-ribose) polymerases (PARPs) are a family of zinc finger proteins involved in the cellular response to DNA damage, particularly single strand breakages (with PARP1 and PARP2 most active in this respect). 9 PARP1 (encoded at 1q 41) is thought to account for the majority (over 80%) of PARP activity in genomically damaged cells. The PARP protein consists of 4 domains (DNA binding, cleavage, automodification, and catalytic). PARP binds to a broken DNA strand via the zinc finger DNA binding domain and catalyses the production of poly(ADP-ribose) (PAR) polymer from cellular nicotinamide adenine dinucleotide (NAD). This process identifies DNA breakages and facilitates their repair by DNA polymerase b and other mechanisms. For DNA repair to proceed successfully, PARP must disengage from the DNA, normally achieved by the accumulation of negative charge on the automodification domain. 10 The utilization of substantial quantities of cellular energy reserves in the form of NAD by PARP in the process of poly(ADP-ribosyl)ation is the key mechanism by which PARP acts to prevent genetically damaged cells entering mitosis. In the presence of minor degrees of DNA damage, PARP stimulates repair pathways as described, allowing restoration of genetic integrity and healthy cells to enter the cell cycle. However, if DNA damage is greater than the capacity of the cell to fully repair, then apoptotic pathways are activated to prevent critically damaged cells from reproducing. PARP is known to play roles in both the caspase-dependent and -independent pathways. 11 Caspase-3 is known to cleave PARP, removing the automodification domain, so the DNA binding domain is unable to disengage from the DNA breakage ("sugar plug"), thus preventing repair activity and further expenditure of cellular energy reserves that can then be utilized for apoptosis.
It was noted that apoptosis proceeds despite pancaspase inhibition and that PAR stimulates this process. 12 Apoptosis inducing factor (AIF) has been identified as a key mediator of caspase-independent apoptosis, 13, 14 particularly in response to certain stimuli, such as hypoxia, hypoglycemia, trauma, and excito-toxins. 15 AIF has NAD-oxoreductase activity and is normally found in the inner mitochondrial membrane in healthy cells. 16 It has important roles in mitochondrial function, with AIF-deficient mice being a model for complex I deficiency mitochondropathy. When stimulated by PAR, AIF translocates from the inner mitochondrial membrane to the nucleus, where it induces DNA fragmentation and chromatin condensation, key features of apoptosis. 17 The translocation of AIF from mitochondrion to nucleus can be observed on immunohistochemistry, providing evidence of a cell progressing toward programmed cell death. AIF-deficient mice display greatly reduced levels of apoptosis in response to ischemic or toxic stimuli, whereas PARP-deficient mice have an increased sensitivity to ionizing radiation.
Although it has pro-apoptotic functions in brain tumor cells, PARP has been suggested as a therapeutic target in adult glioblastoma. The extent of PARP expression in pediatric HGG is poorly characterized, so conclusions cannot be drawn as to whether it holds promise in this age group as well. In this study, we examine PARP in our large cohort of childhood HGGs and assess whether it shows any link to survival or treatment response. We also assess whether the AIF pro-apoptotic pathway appears functional, as reducing the amount of tumor cell death by inhibiting a PARP-driven pathway could theoretically be counterproductive.
Methods

Tumor Specimens
This study is based on samples banked by the UK Children's Cancer Leukemia Group (CCLG) through Nottingham Children's Brain Tumor Research Centre. All samples were surgically collected ante mortem at UK pediatric neurosurgical centers (between 1987 and 2007) and are from pediatric HGGs (both supratentorial and brainstem) with diagnosis confirmed by central pathological review. Full consent and ethical approval was obtained for their use in this study from the CCLG and local ethical and Trent Medical Review and Ethics Committee approval (06/MRE04/86). The brainstem tumors were a mixed group but were formed predominantly of the cohorts examined by Cartmill and Punt 18 and Barrow et al. 8 A full clinical dataset, including demographic and treatment details, was available for each of the samples in this cohort. The length of survival or last known follow-up from initial diagnosis was also known. For AIF staining, several nonneoplastic brain specimens (frontal and temporal lobes) were used as additional control tissues. Following central pathological review in the UK and USA, a tissue microarray was constructed with the formalin-fixed, paraffin-embedded tissue from 150 pediatric HGG tumors. Three cores from representative regions of each tumor were included on the tissue microarray, and only samples with 3 assessable cores were analyzed. Array comparative genomic hybridization (aCGH) and fluorescent in situ hybridization (FISH) were performed as per methods previously described. 8 
Immunohistochemistry
Immunohistochemistry was performed on the tissue microarrays, with initial deparaffinization being accomplished by immersion in xylene (Sigma-Aldrich) 100% ethanol and 95% ethanol. Antigen retrieval was performed using a bath of sodium citrate (pH 6.0) heated in a steamer at 988C for 40 min, followed by application of 100 mL peroxidase blocking solution (Dako) per slide. Primary antibodies were then applied to the slides in a humidified chamber. A mouse monoclonal antibody against PARP (AbD Serotec) was utilized at 1:5000 concentration with 100 mL applied to the tissue for 1 hr at room temperature. A rabbit monoclonal antibody against AIF (Abcam) was utilized at 1:500 concentration, and again 100 mL was applied for 1 hr at room temperature. Slides were treated with 100 mL of the secondary antibody (Dako horse radish peroxidase conjugated) for 30 min at room temperature. Slides were then covered with 100 mL of 2 mL of 3,3
′ -diaminobenzidine chromogen in 98 mL of Dako REAL substrate buffer, which was applied for 5 min. Counterstaining was achieved with Harris hemotoxylin. Human tonsil was used to optimize the method and was included as a positive control material with every batch of slides stained. Substitution of primary antibody for phosphate buffered saline was used as a negative control.
Analysis of Slides
Slides were analyzed under microscopic evaluation, with all cores present on the microarray after staining analyzed. Extent of PARP expression (nuclear stain) was assessed quantitatively utilizing the Cell-B software system (Olympus Soft Imaging Solutions). For each core examined, the total nuclei staining positive for PARP were counted and then divided by the total number of cell nuclei counted in that core, calculating PARP expression as a percentage of the total number of cells. For each tumor, at least 3 cores were assessed, and a mean percentage calculated for each patient.
AIF stained the cytoplasm/mitochondria of cells predominantly, therefore antibody scoring was undertaken for each core as a whole in a semiquantified fashion, assessing and scoring the number of positive cells as follows: 0-1% +/2, 1-5% +, 5 -15% ++, and greater than 15% +++. Analysis of the data and correlation with survival and demographic factors were accomplished by SPSS v16 for Windows using appropriate statistical tests, including Cox proportional hazards survival analysis, Student's t-test (normally distributed data), Mann-Whitney U-test (nonparametric data) and Kaplan-Meier log-rank test. Positive results were taken as significant at the P , .05 level for all tests (2-tailed).
Results
Tissue Microarray Demographics
The tissue microarray consisted of 150 pediatric HGGs, ranging in age at diagnosis from 2 days to 20 years old, with a mean age of 7 years and 10 months. The cohort included 86 males, 56 females, and 8 cases in which gender was not recorded. Overall survival was in line with other published series, with a 5-year survival of 20% and a median survival of 15 months from diagnosis. Primary tumors made up 117 of the cohort, with 15 recurrent tumors (second or third operation), 6 secondary tumors (post-ionizing radiation for hematological malignancies), and 12 tumors of unknown status. The cohort included a variety of histological diagnoses (Table 1) demonstrating the majority of tumors to be anaplastic astrocytomas or GBMs. There was a trend to longer survival for patients with anaplastic astrocytomas compared with GBMs, but this did not achieve statistical significance (P ¼ .07).
Data on extent of resection were available for 133 patients, with 54 undergoing biopsy only, 47 partial resection, and 32 maximal/subtotal resection. Data for adjuvant oncological therapy were available for 114 patients, with 12 patients receiving no further treatment, 21 radiotherapy only, 24 chemotherapy only, and 57 combined chemo-and radiotherapy.
PARP Immunohistochemistry
Immunohistochemical staining was successfully achieved for 98 pediatric HGGs, with a mean of 552 cells counted per tumor. Positive tumor cells demonstrated a strong nuclear pattern of staining, with no cytoplasmic staining observed. Mean percentage of tumor cells positive for PARP ranged from 0% to 99.64%, with a mean level overall across the whole cohort of 21.4% cells positive (+/2 1.9%). Heterogeneity of cell populations within tumors was observed with PARP negative cells intermingled with positive cells in the same region of a tumor (Fig. 1) Abbreviation: Anaplastic PXA, anaplastic pleomorphic xanthoastrocytoma; NOS, not otherwise specified. (P ¼ .525), exact histological diagnosis (P ¼ .742), age (P ¼ .261), or primary/recurrent nature of tumor (P ¼ .617). On analysis of supratentorial tumors, PARP was significant on univariate correlation (P ¼ .019), as were extent of resection and administration of chemo/ radiotherapy. When survival was analyzed by Cox multivariate analysis (including all the variables above, plus resection status, chemo/radiotherapy status, and level of AIF staining), PARP for the tumor population overall was not significantly linked to survival (P ¼ .172). However, if brainstem gliomas were excluded from the analysis (Table 2) , then the level of PARP immunopositivity did emerge as a significant correlate with length of survival from diagnosis (P ¼ .044). Other significant correlations with outcome were resection status (P ¼ .006, favorable outcome with more extensive resection), administration of radiotherapy (P ¼ .016), and administration of chemotherapy (P ¼ .016). No factor achieved statistical significance for correlation with survival in brainstem gliomas on multivariate analysis.
Upon discrete analysis of tumors with GBM histology, PARP remained a significant variable on multivariate analysis (P ¼ .027). However, if anaplastic astrocytomas were analyzed as a discrete cohort, then level of PARP immunopositivity was no longer significant (P ¼ .870), although only 9 cases remained with a full dataset.
The survival benefit associated with lower levels of PARP staining in nonbrainstem HGGs was confirmed on Kaplan -Meier (log-rank) analysis, with division into low and high staining at 25% cells positive, though the correlation held at various division points (Fig. 2) . The benefit of radiotherapy for nonbrainstem HGGs was also apparent on Kaplan -Meier analysis (P ¼ .01), although chemotherapy administration did not achieve statistical significance on Kaplan -Meier for this group (P ¼ .199). Similarly for brainstem HGGs, radiotherapy (P ¼ .002), but not chemotherapy, (P ¼ .247) was associated with increased survival.
AIF Immunohistochemistry
Immunostaining for AIF was successfully achieved for 95 pediatric HGG tumors (Fig. 3 for typical appearances). Expression of AIF followed a different pattern to that of PARP, predominantly staining the cytoplasm/mitochondria of the cells. AIF was expressed at moderate levels in samples of brain from cores taken adjacent to the tumor proper and in 92.5% of tumor cores, was expressed at similar (20%) or lower (72.5%) levels. Tumors stained variably, though usually consistently, for AIF, ranging overall from no staining in any core to +++ in every core. On multivariate analysis, level of AIF staining was not significantly associated with survival (P ¼ .891 for the whole cohort; P ¼ .623 for nonbrainstem HGGs only). Level of AIF (+/2 or + versus ++ or +++) was also not significant on Kaplan -Meier analysis (P ¼ .833). There was no significant correlation found between levels of PARP and AIF immunopositivity (Spearman's P ¼ .370).
Copy Number Changes at 1q
Thirty-three samples in the cohort underwent aCGH, with 6 showing gain of 1q. Mean percentage of cells expressing PARP was higher in samples with 1q gain (28.1% vs 17.4%), but this difference did not achieve statistical significance (t-test P ¼ .181). Forty cases in the current cohort were also analyzed by FISH for the 1q25 locus (Vysis probe). There was no significant difference in PARP expression between tumors with gain (n ¼ 11) and normal copy number (n ¼ 29) (t-test P ¼ .961). Gain of 1q on aCGH and FISH was analyzed with respect to survival. There was a trend for patients with gain of 1q as analyzed by aCGH to do worse (P ¼ .143), but neither this nor gain of 1q on FISH (P ¼ .480) had a statistically significant impact, probably due to the lower numbers involved.
Discussion
This study is the first large-scale examination of PARP and AIF immunostaining in pediatric HGG. We demonstrate that PARP is expressed at high levels in many pediatric HGGs and that there is a statistically significant correlation between the percentage of tumor cells staining positive for PARP and patient survival in nonbrainstem HGG (P ¼ .044 Cox regression). AIF immunostaining did not correlate with survival, but over 70% of tumors had lower levels of AIF immunopositivity than adjacent nonneoplastic brain. Increased levels of PARP expression in tumor cells have been associated with an adverse outcome in diverse cancers such as melanoma and ovarian serous carcinoma. 19, 20 One previous study examined levels of PARP staining in 25 cases of adult GBM, finding it to be widespread. 21 The authors did not quantify the exact percentage of cells staining positive, though comment was made that negative cells were observed mixed in with those expressing PARP. Barton et al. examined mRNA and protein levels in a variety of childhood brain tumors (including 18 HGGs), finding some PARP expression in all samples and higher levels in HGGs compared with low-grade astrocytomas. 22 No link to outcome data was included in either of these studies.
In our analysis by aCGH of 38 pediatric HGGs (including 13 brainstem tumors), gain of 1q was one of the most significant genomic alterations, although this involved the entire chromosome arm and not specifically PARP1 at 1q41. 8 A study by Zarghooni et al. based on a single nucleotide polymorphism array found gain of the whole of 1q (including PARP1) in 27% of 11 pediatric brainstem gliomas studied, with 6 out of 11 tumors showing some degree of immunopositivity for PARP. 7 These genomic data suggest that aberrations in the copy number of the PARP1 gene may be linked to variable levels of PARP expression in actual pediatric HGGs. However, the lack of correlation of PARP expression levels with 1q gain in the current study suggests that other mechanisms, not driven by copy number, may be involved. Tumors with the higher levels of PARP activity may be more able to repair both spontaneous and treatment-induced single strand DNA breakages, preventing progression of the damage to lethal double strand breakages.
The lack of significant correlation between level of PARP immunopositivity and survival in brainstem tumors in our study could be due to the particular anatomical location of these tumors. The proximity of vital cardiorespiratory and alertness centers means that local cancer cell invasion can quickly produce severe symptoms with only a small increase in tumor size. Alternatively, there may be real biological differences in this group that may provide an alternative DNA repair pathway to PARP and allow the tumors to resist DNA damage (including that caused by treatment) more efficiently. Increased levels of PARP activity have been associated with activation of the caspase-independent AIF-directed apoptotic pathway. Hence, it may be conjectured that increased levels of PARP activity in a tumor might have the opposite effect on survival to that observed, restricting tumor growth by increasing neoplastic cell death. However, our current study demonstrates that most pediatric HGGs have low levels of AIF on immunohistochemistry (possible mechanisms include decreased expression or increased turnover) and that this mechanism for removing cells with too high a degree of DNA damage may have been lost. Caspase-dependent apoptotic mechanisms may still be available to the cells, but PARP seems to act as an effector rather than a driving component in these pathways.
PARP was first proposed as a therapeutic target in breast cancers stimulated by mutations of the BRCA1 and BRCA2 genes with a deficit of homologous recombination repair pathways. The hypothesis of synthetic lethality suggests that such cells should be more readily stimulated to apoptosis by inhibition of the PARP pathway, as the usual in-built redundancy of DNA repair pathways to cope with significant genome damage is lacking, and recent clinical trials 23, 24 have shown promising results for the use of PARP inhibitors in ovarian and breast cancer.
Early-stage clinical trials are also under way using PARP inhibitors in combination with other therapy in patients whose malignancy does not have identifiable deficits in DNA repair. For cerebral tumors, the surrounding normal brain is essentially composed of nondividing cells with nondamaged genomes and intact DNA repair mechanisms, which should have enough redundancy to give these cells a relative degree of resistance to PARP inhibition and hence reduce the toxicity of therapy.
Temozolomide therapy (in which PARP inhibition should interfere with the repair of N-methylpurines) was shown to be associated with an increase in PARP activity, and its administration alongside a PARP inhibitor resulted in a significant increase in the number of DNA single-strand breakages observed in tumor biopsies. 25 However, in a subsequent phase II trial, unacceptable levels of myelosuppression were encountered, although improved temozolomide dosage regimes may alleviate this problem. No clinical trial has yet reported on a PARP inhibitor in HGG.
Studies on HGG cell lines suggest PARP inhibition could be a valuable therapeutic strategy for this malignancy. Radiosensitization, with an increase in unrepaired double strand DNA breakages, has been shown for a PARP inhibitor on the U251 adult glioblastoma line. 26 The combination of PARP inhibition, temozolomide, and radiation significantly delayed tumor growth in a mouse model. In a study using a pediatric HGG cell line, PARP inhibitor monotherapy had modest effects on cell lines in vitro, but in combination with temozolomide a significant effect was achieved both in vitro and on tumors in a mouse xenograft model, with enhanced animal survival. 27 Further evidence of the potential importance of PARP inhibitors in pediatric brain tumors is seen in the findings of enhancement of temozolomide activity 20-fold in some childhood medulloblastoma cell lines and significant retardation of tumor growth in mouse models. 28 In these studies, the PARP inhibitors also seem to penetrate the bloodbrain barrier readily, of crucial importance when considering the therapy of primary brain tumors. Resistance or failure to respond to PARP inhibitors has been observed in a proportion of all the tumors assessed in the studies described. Such lack of efficacy may be due partly to redundancy among the many DNA repair pathways that exist, with other mechanisms taking over the role of PARP when it is inhibited.
The results from our current study support further evaluation of PARP inhibitors in pediatric HGG. Although this is a large cohort, data were missing for some samples (gender for 8, tumor status for 12, extent of resection for 17, adjuvant oncological treatment for 36), and treatment regimes were heterogeneous. Firmer conclusions could be drawn from a prospective cohort treated in a uniform fashion (eg, as part of a defined clinical trial).
However, a clear suggestion does emerge of tumors with low PARP activity having a favorable prognosis. Although nearly all tumors in our study have some cells staining positively for PARP, it is clear that the level of PARP varies through this large cohort of pediatric HGGs. Further clinical evaluation of PARP inhibitors should take this variability into account, as administration of a PARP inhibitor to a patient whose tumor already has low intrinsic PARP activity may not enhance survival benefits and may worsen the myelosuppressive effect of temozolomide or other concurrent therapy.
The dual roles of PARP in DNA repair and stimulation of apoptosis remain to be fully characterized, especially in cancer cells. In the present study, we demonstrate that low intrinsic levels of PARP are linked to a better prognosis. AIF, a key mediator of PARP-induced cell death, is present at reduced levels compared with normal brain in 72.5% of the pediatric HGGs studied. It seems likely that in these tumors, hyperactivation of PARP retains its DNA repair function but has lost its ability to induce apoptosis and that therapeutic targeting of PARP is a promising anti-neoplastic measure. Inhibition of its DNA repair function is likely to enhance the effects of ionizing radiation and temozolomide (both already therapeutic mainstays for GBM), whereas reactivating the AIF pathway would represent a novel field for investigation.
